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A high-affinity folate binding protein in proximal tubule cells of human
kidney. High-affinity 3H-folate binding in solubilized brush border
membranes of human kidney cortex display characteristics such as
apparent positive cooperativity typical of specific folate binding. The
folate binding activity and the activity of the brush border membrane-
marker enzyme, gammaglutamyltransferase, were eightfold higher in
brush border membranes compared to crude kidney homogenate.
UltrogeiR AcA 44 chromatography revealed a major (Mr - 100 kDa) and
a minor (M. 25 kDa) folate binding protein in brush border mem-
branes. The large molecular size form may represent a membrane-
derived hydrophobic folate binding protein inserted in Triton X-l00
micelles. This notion was supported by the identical molecular weights
of the 100 kDa and 25 kDa folate binding peaks determined by sodium
dodecylsulfate polyacrylamide gel electrophoresis and immunoblotting.
The folate binding protein in renal brush border membranes cross
reacted with rabbit antibodies against 25 kDa human milk folate binding
protein, and showed immunoprecipitation in the presence of these
antibodies. Paraffin embedded sections of kidney cortex showed immu-
nostaining of cells in the convoluted proximal tubules after exposure to
rabbit antiserum (1:8000 dilution). Glomeruli and distal tubules showed
no immunostaining.
human urine [10] cross reacts with rabbit antibodies against
human milk FBP, and displays binding characteristics typical of
many specific folate binding systems, for example, apparent
positive cooperativity [11]. The fact that serum FBP showed no
cross reactivity with rabbit antibodies against human milk FBP
seems to exclude FBP filtered through the glomerular mem-
brane as a major source of origin of urinary FBP. The transitory
increase in urinary excretion of retinol-binding protein (a
marker of tubular proteinuria) and FBP after intravenous ad-
ministration of ionic radiocontrast media known to cause tubu-
lar dysfunction suggests that urinary FBP may originate from
BBM of the proximal tubular cell [12].
The present study describes the presence of a high-affinity
FBP in the proximal tubules of the human kidney and compares
its characteristics to those of FBP in human urine in order to
establish a possible interrelationship between the two FBPs.
Methods
Tissue preparation
The presence of a high-affinity folate binding protein (FBP) in
kidney tissue was first reported by Kamen and Caston [1], who
described the properties of FBP purified from porcine kidney
[2]. Other investigators have described a high-affinity FBP
associated with brush border membranes (BBM) of rat kidney
[3—5] where a transport mechanism for folates has been dem-
onstrated [6]. Seihub and Franklin purified a high-affinity FBP
from rat kidney with a molecular weight of 28500 to 30000 as
determined by sedimentation equilibrium studies, a carbohy-
drate moiety of 21.7% of the total weight and an isoelectric
point of 5.7 [4]. Immunofluorescence studies showed that FBP
in rat kidney is localized in BBM of the proximal tubular cells
[4]. This indicated that FBP may participate in reabsorption of
folate from the convoluted proximal tubules shown to occur in
clearance and microperfusion studies [7—9]. The observation
that the substrate specificity for renal tubular folate absorption
resembles that of folates for binding to FBP from kidney BBM
gave further support to this notion [8].
We have recently shown that a high-affinity 25 kDa FBP in
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Human kidney cortex obtained at autopsy within 36 hours
after death was minced and homogenized at 4°C in 5 mmollliter
Tris-HC1 buffer (pH 7.4) containing 5 mmollliter mannitol (5 ml
buffer per g tissue) with a Braun homogenizer (5 strokes at 1000
rpm). The homogenate was solubilized with Triton X-100 (20
gil) for two hours at 4°C, centrifuged at 1000 g for 30 minutes
and the supernatant analyzed. BBM pellets were prepared after
CaC12 precipitation according to a previously described proce-
dure [13]. Homogenate left at 4°C for 20 minutes after addition
of CaCl2 (10 mmollliter) was centrifuged at 1000 g (15 mm), and
the pellet discarded. The supernatant was centrifuged at 27000
g for 30 minutes and the BBM pellet solubilized in Triton X-l00
(20 glliter) for two hours at 4°C.
The concentration of protein was determined by a commer-
cial assay (Biorad Protein Assay Kit, 500-0001). Measurement
of gammaglutamyltransferase (GT. EC 2.3.2.2.) was performed
by a Scandinavian recommended method with use of Ultrospec
photometer (Pharmacia).
Radioligand binding and dissociation
Tissue preparations were dialyzed against 0.2 mol/liter ace-
tate buffer of pH 3.5 at 4°C to remove endogenous folate.
Equilibrium dialysis experiments were performed as de-
scribed previously [141 for periods of 20 hours in 0.17 mol/liter
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Fig. 1. Saturation curve (inset: Scatchard
plot) showing high-affinity binding of 3H-
folate to brush border membranes of human
kidney cortex. Equilibrium dialysis at pH 7.4
and 37°C. Each point represents a single
result.
Table 1. Parameters of high-affinity binding of 3H-folate to brush
border membranes of human kidney cortex in equilibrium dialysis
experiments (pH 7.4, 37°C)
N S05
nmol/liter
K
liter/mo! h(sD)
Undiluted 1.7 0.020 5.0. 10'° 1.43 (0057)b
Five-fold diluted 0.35 0.013 7.6. l0'° 1.21 (O.079)a
Binding data were analyzed in Scatchard and Hill plots. N =
maximum folate bound; S05, the concentration of free folate at half
saturation of folate binding. Binding affinity, K = 1/S05. Hill coefficient
(h) significantly higher than 1.00:
ap < 0.05b P < 0.001 (calculation of h based on 17 observations).
Table 2. Localization of folate binding protein (FBP) in human
kidney cortex
Gammaglu-
tamyltrans-
ferase U/g
Maximum Immuno-
3H-folate reactive
binding FBP
nmol/g
Relative
immuno-
reactivity
Kidney cortex 825 0.86 0.56 0.65
homogenate
Brush border 6667 7.4 2.8 0.38
membranes
Relative immunoreactivity = Immunoreactive FBP/maximum 3H-
folate binding.
Concentration and units per g protein.
0.0
Time, days
Fig. 2. Dissociation of3H-folate from FBP in brush border membranes
of human kidney cortex. Aliquots (1000 d) of solutions labelled with
3H-folate were dialyzed at 4°C against 1000 ml volumes of folate-free
buffers; 0.17 mol/liter Tris-HCI of pH 7.4) (•) and 0.2 mol/liter acetate
of pH 3.5 (•). Each point is the mean of duplicate determinations.
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Tris-HCL buffer of pH 7.4 (37°C) with the tissue sample in the subjected to dialysis in 1000 ml volumes of folate-free buffer
internal (1000 pi) and 3H-folate (3H pteroylglutamate with a according to a previously published procedure [15].
specific activity of 24 to 40 Cilmmol from Amersham Interna-
tional Ltd., Amersham, UK) in the external solution (100 ml).
Triton X-100 at a concentration of I g/liter was added to both
sides of the dialysis membrane.
Enzyme-linked immunosorbent assay (ELISA) for FBP in
human kidney cortex
Aliquots (1000 t1) of the BBM pellet predialysed to equilib- Low molecular weight FBP was purified from human milk
rium (pH 7.4, 7°C) against 3H-folate (1.0 nmol/liter) were and used for immunization of rabbits [16]. Rabbit antisera were
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Fig. 3A. UltrogelR AcA 44 chromatography
of human kidney brush border membranes
incubated with 3H-folate prior to colunn
application. The column was calibrated as
previously described [15]. Left ordinate, cpm(I) in the effluent. Right ordinate,
immunoreactive FBP in the effluent (0)
determined by ELISA (OD 492/620 nm). B.
Immunoprecipitation of 100 kDa FBP peak
(0) and free 3H-folate peak (•) with rabbit
anti-FBP serum.
pooled, the immunoglobulins precipitated and employed in a
previously described ELISA for human FBP [17].
Gel filtration
The molecular size of FBP was estimated by chromatography
on a column (5.3 cm2 x 94 cm) of UltrogeiR AcA 44 (LKB) run
and calibrated as previously reported [15]. Triton X-100, 1
glliter, was added to the elution buffer 0.17 mollliter Tris-HC1 of
pH 7.4 (5°C). The BBM pellet treated with phenylmethyl
suiphonyl fluoride (PMSF), 1 mmollliter (BDH) was incubated
with 3H folate (10 nmol/liter) for three hours (25°C) prior to
column application.
Immunoprecipitation
The experimental procedure was similar to that described by
Osterman [18]. Briefly, 200 d of the 100 kDa FBP was mixed
with 200 p1 rabbit anti-FBP antiserum diluted with 0.17 mol/liter
Tris HCI buffer (pH 7.4) containing 1 g/liter Triton X-100. The
mixture was incubated for one hour at 25°C prior to the addition
of 50 p1 preimmune rabbit serum (Dako, cat. no. 902) and 1.0 ml
of an aqueous solution of 150 g/liter Polyethylene glycol-6000
(Merck, cat, no. 807491). Following centrifugation (2000 g) for
20 minutes at 4°C the supernatant (500 p1) was taken for
radioactivity measurements. Control experiments were per-
formed with the free 3H-folate peak.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotring
Human urine and fractions obtained after gel chromatogra-
phy of solubilized BBM pellet were concentrated tenfold on an
Amicon Micro ultrafiltration system 8MC with filter PM 10,
cutoff molecular wt 10,000, and analyzed by polyacrylamide gel
(12%) electrophoresis in the presence of sodium dodecylsul-
phate (SDS-PAGE) according to Laemmli [19]. Electrophoretic
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curve with a Scatchard plot of the binding data is shown in
Figure 1, and binding data obtained at two FBP concentrations
are summarized in Table 1. There was a high-affinity type
(affinity constant >1010 liter/mol) of binding and it displayed
apparent positive cooperativity as indicated by a Hill coefficient
significantly higher than 1.00 (Table 1) and upward convex
Scatchard plots.
Dissociation of 3H-folate from BBM pellet dialyzed against
folate-free buffer (pH 7.4) was studied. As can be seen (Fig. 2),
virtually no dissociation of 3H-folate occurred at 4°C after 24
hours of dialysis. At pH 3.5, a total dissociation of 3H-folate
occurred within 24 hours of dialysis.
Localization of FBP in kidney cortex
A two-site ELISA was used for quantitation of FBP in kidney
cortex homogenate and BBM pellet. The concentration of FBP
expressed as maximum 3H-folate binding was used as the
reference.
Table 2 shows the localization of FBP (nmol 3H-folate bound
per g protein) in renal cortical tissue as compared to that of the
BBM marker, enzyme gammaglutamyltransferase [23]. There
seemed to be a parallel (8-fold) increase in the enzyme activity/g
protein and maximum 3H-folate binding/g protein from kidney
cortex homogenate to the BBM pellet. Increase in immunore-
active FBP was more modest, corresponding to a decrease in
the relative immunoreactivity from 0.65 in kidney cortex ho-
mogenate to 0.38 in BBM pellet.
Fig. 4. Separation with SDS-PAGE and immunoblotting (rabbit-anti-
human milk FBP) of the 25 kDa (lane 1) and 100 kDa (lane 2) FBP (cf.
Fig. 3A). Control experiments with pre-immune rabbit serum (lanes 3.
and 4). Molecular markers at the right (kDa).
transfer onto nitrocellulose paper was performed by using a
semi-dry multigel blotter according to Kyhse-Andersen [201 for
one hour. Strips of nitrocellulose were cut according to the
markers added during electrophoresis, and were developed in a
series of washing and blocking steps. Anti-human milk FBP
rabbit serum and preimmune rabbit serum (control) were di-
luted 1:50 in phosphate buffered saline (PBS) containing 0.05%
Tween 20.
The second antibody, anti-rabbit (total) 1g. (Dako) was di-
luted 1:1000 in PBS. 0-dianisidin was used as the chromogen.
Immunohistochetnistry
Paraffin-embedded 5 to 8 pin sections of formalin-fixed kid-
ney cortex were prepared in accordance with a conventional
standard procedure [21, 22] involving a commercial kit (Vector
Stain ABC kit, Vector Laboratories, California, USA) consist-
ing of a secondary antibody (biotinylated anti-rabbit goat Ig),
avidin-biotin conjugated horseradish peroxidase (ABC), block-
ing serum (normal goat serum). The primary antibody (anti-
human milk FBP rabbit serum) was diluted 1 to 8000 with 12.5
wt/vol % bovine serum albumin.
Results
Mechanism of radioligand binding and dissociation in BBM
Binding of 3H-folate to FBP in BBM was studied in equilib-
rium dialysis experiments at 37°C and pH 7.4. A saturation
Gel filtration of FBP in BBM
As shown in Figure 3A, 3H-folate bound FBP and immuno-
reactive FBP eluted in two peaks, a major one (Mr — 100 kDa)
at 231 ml associated with a very small peak in void volume
(>110 kDa) and a minor one (25 kDa) at 330 ml.
Immunoprecipitation
The immunoprecipitation curve in Figure 3B shows that
rabbit anti-FBP serum (1:1000 dilution) precipitates 80% of the
100 kDa FBP peak. No precipitation of the free 3H-folate peak
was seen.
SDS-PAGE and immunoblotting
The 100 kDa and 25 kDa peaks (Fig. 3A) were subjected to
SDS-PAGE and immunoblotting (Fig. 4). Both peaks as well as
human urine (data not shown) gave rise to a single band of 65
kDa (Fig. 4).
Immunohistochemistry
As shown in Figure 5, immunostaining of proximal tubule
cells occurred after exposure to rabbit anti-human milk FBP
serum (1:8000 dilution). No staining of glomeruli and distal
tubules was observed.
Discussion
The FBP in human kidney cortex has, like the enzyme
gammaglutamyltransferase [23], its main localization in BBM of
the proximal tubule cells (Table 2). The immunohistochemical
pattern (Fig. 5), which shows immunostaining of cells in the
convoluted proximal tubules but no staining of the glomeruli
and distal tubules, confirms this suggestion. Further, immuno-
staining was apparently not only localized to the luminal surface
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Fig. 5. immunostaining of human kidney
cortex sections after exposure to rabbit anti-
human milk FBP serum (1:8000 dilution).
of the proximal tubule cell but seemed to involve intracellular
structures as well. This finding is interesting in view of recent
studies [241 on the subcellular distribution of FBP and H-folate
in the proximal tubule of rabbit and rat conducted with a
combination of cell fractionation and electron microscope im-
munocytochemistry-autoradiography; they revealed that one
half of FBP was associated with BBM while the remaining FBP
located intracellularly in the endoplasmic reticulum and Golgi.
The FBP exhibits two peculiar characteristics also typical of
high-affinity folate binding in human urine [11], that is, apparent
positive cooperativity (Fig. 1, Table 1) and a slow ligand
dissociation from FBP at pH 7.4, which, however, becomes
rapid and complete at pH 3.5 (Fig. 2).
The gel filtration profile of FBP in BBM contained a major
100 kDa and a minor 25 kDa peak (Fig. 3), whereas only one
major 25 kDa peak was found in urine [111. The 100 kDa and 25
kDa peaks in BBM as well as FBP in human urine had identical
molecular weights on SDS-PAGE immunoblotting (Fig. 4). The
100 kDa FBP may represent a membrane-associated form of
FBP (folate receptor?) with a hydrophobic domain inserting
FBP into Triton X-lOO micelles, thereby giving rise to its
apparently large molecular size on gel filtration. This hypothesis
is supported by recent data which shows that FBP is anchored
to BBM of rat kidney through a glycosyl phosphatidyl inositol
hydrophobic moiety and that FBP is released from BBM after
exposure to a phosphatidylinositol specific phospholipase C
[25]. Further, FBP solubilized from BBM and incubated with
Triton X-1 14 associated with Triton micelles. Pretreatment of
solubilized FBP with inositol-specific phospholipase C pre-
vented this association [25].
By analogy to FBP in erythrocyte membranes [26, 27] the
observed variation in relative immunoreactivity (Table 2) could
be due to the presence of immunoreactive precursor FBP
unable to bind 3H-folate. Alternatively one might suggest the
existence of immunoreactive holo-FBPs without vacant binding
sites (no binding of exogenous folate), that is, FBPs that do not
release endogenous folate at low pH. The latter hypothesis
seems attractive in view of the capability of the high-affinity
receptor on the surface of monkey kidney cells to internalize
folate by receptor-mediated endocytosis in an intracellular
compartment where the bound material becomes resistant to
acid release [281. In contrast, surface-bound folate can be
released by incubation of the cells at pH 3.5 [28]. The lower
relative immunoreactivity observed for FBP located in BBM is
thus in fair agreement with the latter theory.
In conclusion, the present study indicates that urinary FBP in
fact is a brush border protein which should be expected to
appear in the urine in increased amounts subsequent to tubular
injury. Further studies are required to evaluate the potential use
of FBP as a brush border antigen marker of nephrotoxicity
involving the proximal tubules.
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